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EXPEEUMENTAL INVZSTIGATION OF DEFOSITION BY BORON- 

By Warner B. Kauf'man, J. Robert Branstetter, and Albert M. Lord 

An experimental  investigation waa conducted with trimethyl borate 
azeotrope  and  pentaborane fuels i n  a turbojet combustor. The effect of 
boron  oxide deposits ou the turbine-nozzle area, combustor pressure loss,  
temperature distribution, and combustion efficiency i s  included i n  the 
study. 

An air-atomizing fuel nozzle  produced a somewhat higher deposition 
rate ( r a t io  of solids  deposited t o  oxide  formed) i n  the &er than the 
standard duplex fuel nozzle  of the 547 engine dfd and provided a lower 
outlet-temperature spread. 

(hitting the thimbles f r o m  t he  standard J47 engine  liner, or en- 
larging  nine  holes  in the "root"  portion of the tumbled lin'er, made lit- 
t l e  change in  the  deposit ion rate but did mdify  the outlet-temperature 
distribution. 

Deposition rate was re lat ively unaffected as combustor-outlet tem- 
perature was decreased f r o m  lSOO0 t o  1200' F; below 12000 F the rate in- 
creased  rapidly. The deposits decreased the effective  turbine-stator 
area fas te r  as the temperature was decreased. The burning  of Jp-4 f u e l  
to remove boron  oxide deposits from the combustor-liner walls at gas t e m -  
peratures  to 1725O F was ineffective. The r a t i o  of the weight of  deposits 
on the combustor liner t o  the total  weight of boron oade formed i n  the 
combustor was lower f o r  pentaborane  than f o r   t r i E t h y l  borate azeotrope 

The influence of fuel  additives on conhutor deposits was investi- 
gated. Potassium  hydroxide added directly t o  boron  oxide  reduces the 
viscosity of boron  oxide and, therefore, would be  expected t o  reduce the  
tendency of the boron  oxide to   s t ick   to   sur faces .  However,  when 0.5 an& 
1.5 percent  potassium  hydroxide was added t o  the trimethyl  borate fuel 
the deposits in the  combustor increased.. 

s 
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Condensed boron  oxide  deposits Fn the.  turbine-nozzle  passages i n  
three  dis t inct  Ways: 

(1) A f ine  film is deposited by the  very small droplets formed in 
the f h e  zone. ThFs f i l m  does not grow t o  any appreciable  thickness. 

( 2 )  Large drops-of  boron oxide are carried  off the film on the  liner 
walls by %he air .streams entering  the liner. When these drops impinge on 
a stator  blade  they  adhere  for  several  seconds. 3 

(3) The film on the  walls of the  transition  section between codustor  
0 m 

and turbine  stator flows i n k  the  s ta tor  annulus and passes  along  the 
inner  and outer walls. 

INTRODUCTION 

In order t o  determine combustion characteristics  of..such boron hy- 
dride fuels as diborane,  pentaborane,  and-  pentaborane-hydrocarbon  blends 
i n  turbojet combustors, experimental  investlgations were lni t ia txd a t  the 
request of the Bureau of Aeronautics, Department of the Navy, as parkof  
Project Z i p .  Results of this work have shown that it i e  necessary t o  
reduce  the  deposits formed i n  canbustors when burning boron hydride fuel8 
(ref.  1). ~hese  deposits  can d i s t o r t  outlet-temperature  profiles,  in- 
crease combustor pressure  losses, and reduce  turbine  efficiency. 

r. - 

Combustor deposits of two different  types have  been noted, and these 
are  believed  to form by two different mechanisms: (1) boron  hydrides de- 
compose rapidly above .30O0 F (ref.  2) and yield solid products that are  
much less  reactive  than the original material; and (2) boron  oxides formed 
during combustion can adhere t o  conibustor surfaces and build up t o  ob- 
jectionable  size.  Deposits formed principally by the first of these 
processes are described i n  references 1 and 3, where burning for  a short 
time produced deposits a r o d  the fuel injector. These deposits Inter- 
ferred  with the fuel  spray. In both  tests,  it was found that modifying 
the air-flow  pattern i n  the  region  of  the  fuel  spray  could  eliminate  this 
kind of deposit. In each  case,  th+beneficial  modifications involved 
bringing additional  cool air around the  f u e l  nozzle and  promoting fuel- 
air mixing close t o  the  fuel  nozzle. These changes reduced the  f'uel tem- 
perature  inside the nozzle and also reduced the time that fuel droplets 
are exposed t o  flame radiation  before becoming mixed with sufficient--air 
t o  burn. In  t h e  more recent  investigations with boron  hydride fuels, 
adequate cooling and fuel-air mixing are provided at the fuel  injector;  
i n  these tests the deposits  consist  principally  of a glassy boron  oxide 
film on the  walls of the conventional combustor l iner  (refs. 4 and 5). 

." 

The s i z e  of boron  oxide  par3Lcles formed at  turbo  je t  combustor con- 
dit ions does not exceed  1.5xIO-%&tlmeters if these  particles are not 
allowed t o  come i n  contact  wlth  the combustor walls ( r e f r6 ) .  It xae 
concluded tha t  such small particles follow the flow streamlines and are - 
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brought t o   t h e  walls principally by motion of molecular col l is ion and  not 
by aerodynamic or inertia forces. Large partfcles of boron  oxide  have 
been  observed i n  the gas stream coming from  conventional cordbustors when 
burning boron-contafning  fuels. These large part ic les  would not be ex- 
pected t o  Jollow'Qe flow streamlines. Consequently,  they are depoeited 
on the walls w h e r e  there is a change in the  shape of the flow passage; 
f o r  example, in  the  turbine-inlet   transit ion  duct and i n  the turbine- 
nozzle diaphragm. As postulated in   reference 6, these large par t ic les  
of boron  oxide me formed i n  the conibustor i n  a def in i te  manner: Some 
of the   t iny  boron  oxide particles that are formed in the gas stream are 
deposited on the walls of the  conibustor liner. !&is resu l t s  in a film 
of  molten  boron  oxide that flows along the w a l l s  of the combustor liner. 
The gas stream in the conibustor picks up portions of the  oxide f i lm t o  
form the large  particles.  

An experimental  turbojet  codustor designed t o  eliminate deposita 
was investigated in reference 4.  The codustor  was fabricated of a 
porous wire cloth. A large  quantity of air entered a t  the upstream end of 
the  combustor l f n e r   t o  eliminate the recirculatory  flow. L i n e r  surfaces 
w e r e  filmed with air entering through t he  pores in the liner wall. The 
deposits i n  t h i s  combustor w e r e  greatly reduced; however, the combustor- 
outlet  temperature  proffie was unsatisfactory and the conibustor w o u l d  not 
burn  conventional je t  fuel eff ic ient ly .  

The ultimate  solution  to the problem  of deposition when burning  boron 
hydride f'uels in turbojet  co&ustors would appear t o  be i n  cambustors espe- 
c i a l ly  designed for this purpose. While such a combustor is being de- 
veloped, however, it fe necessary t o  provide  an  interim cordbustor that 
can burn  boron hydride fuels with sufficient freedom from deposits t o  
permit  short-duration engine tests of these fuels. A conventional  turbo- 
jet  conibustor with minor modifications  appeared  adequate f o r  these re- 
quirements.  Furthermore, t h i s  cozlibustor will burn conventional jet fuels 
which makes possible   faci l i ty  and instrumentation checks in advance  of 
the  special  fuel test. 

The object of th i s  .investigation was t o  study factors  affecting  the 
deposition of boron oxide in a conventional  turbojet corribuator so that 
methods of  controlling  deposition can be established. The investfgation 
was conducted w i t h  a single 547 tubular combustor i n  a direct ly  connected 
duct rig. The boron-containing fuels  used i n  t h i s  investigation w e r e  
pentaborane  and  trimethyl borate - methanol azeotrope. Test conditions 
simulated rated  engine speed at $4,000 feet altitude and a f l igh t  lkch 
number of 0.6. The study included the effect on coDfbustor deposits of 
(1) fuel-nozzle and mer-design  modifications, (2) mean c d u s t o r - o u t l e t  
temperature, (3) viscosity  reduction of boron  oxide by a fuel adaftive, 
and (4) intermittent burning with j e t  fuel. Data are also presented on 
combustion efficiency,  pressure loss, and temperature  profiles. Compari- 
 om are  made between these data and the resu l t s  of a full-scale engine 
investigation of these same boron-containing fuels. 
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The conibustion a i r  wa8 passed through a heat exchanger and then 
metered to   the   t es t   ins ta l la t ion   { f ig .  1); combustion products w e r e  U s -  
charged into an exhaust system. 

The.tests w e r e  conducted i n  a single conibustor from a 547 engine. 
Three different combustor liners were used; a s t a M  l ine r  wi th  thinibles 
(figs. 2 and 3), a standard l iner  without  thimbles, and a standard  liner M 

with nine of the thimbled holes  enlarged (fig. 3). They are designated 
hereinafter as A, B, and C, respectively. 

rn 
- -4 m 

The combustor-inlet and -outlet  transition  sections were segments o f -  
the corresponding  sections of the complete  engine. For part of the test 
work the turbine  nozzle annular section was modified so tha t  it "necked 
down" t o  the cross-section  area of the nozzle  passages. Simulated blaffes 
were ins ta l led   in   the  "necked down" area {fig. 1). The surface area of 
the  cluster of blades and the passage area between them duplicated the 
surface and throat  areas  of  the  nozzles behind each combustor in the 
engine. 

Instrumentation . 
The arrangement of total-pressure  probes and  thermocouples is shown 

i n   f i gu re  4. The total-pressure  probes i n  the exhaust stream were pro- 
vided with a source of air so that a continuous f l o w  out of the openings  
could be maintained t o  keep t h e m  clear  of'deposits. The flow rate was 
held low so that it caused a negl igible   error   in  the total-pressure meas- 
urement.  Temperature rakes 1, 3, 5, and 7, in   sec t ion  DD were each re- 
placed  with two total-pressure  probes for the tests *re the simulated 
turbine-nozzle  section was used. 

Fuel Systems 

The f u e l  systems and the  method of supplying air fo r  atomizing  the 
fue l   a re  shown in  f igure 5. The Jp-4 fue l  system was used to bring  the 
combustor into temperature  equilibrium by burning the JP-4 fuel a t  test 
condition  before the t e s t  f'uel was turned on. The tes t - fuel  system was 
provided with a JF-4 flush-fuel  tank t o  purge the system  immediately after 
pentaborane t e s t a  were made. 
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The fuels  used i n  this investigation are described i n   t a b l e  I. 

Fuel Nozzle 

The f u e l  nozzles used i n  the investigations of pentaborane, 
pentaborane - JP-4  blend, and trimethyl borate fuels axe shown i n  figure 
6. The six-port a,ir-atcanizing nozzle (I) used f o r  the trimethyl  borate  fuel 
tests i n  the single combustor test set up f o r  this investigation i s  shown 
i n  figure 6 (a). The spray wag extremely fine and the spray cone was not 
hollow. The standard 347 duplex f u e l  nozzle (11) used for  a trimethyl 
borate test is shown i n  figure 6(b). The six-part air-atomizing  nozzle 
(111) used f o r  the pentaborane tests i n  this  investigation is shown i n  
figure  6(c).  This nozzle had three  ports  for  injecting and atomizing 
JP-4 f u e l  so  that both fuels could be bui.ned simultaneously in  varying 
proportions. In the investigations  reported  in  references 4 and 5, a 
single-port  air-atomizing  nozzle (IV, fig. 6(d)) was used f o r  pentaborane 
and pentaborane - Jp-4 blends.  This  nozzle  provided a much narrower cone 
angle  than any of the others. 

T e s t  Conditions 

The single couibustor investigation was made at the following 
conditions : 

Combustor-inlet temperature, OF . . . . . . . . . . . . . . . . . .  368 
Codus tor - in le t   to ta l  air pressure, in. Hg abs . . . . . . . . . . .  34 
A i r  flow, Ib/sec . . . . . . . . . . . . . . . . . . . . . . . . .  2.57 
Simulated flight al t i tude,  f t  . . . . . . . . . . . . . . . . . .  44,000 
Simulated f l i g h t  Wch nuniber . . . . . . . . . . . . . . . . . . .  0.6 
Simulated  engine speed, percent of rated . . . . . . . . . . . . .  100 
%ble II lists the test runs and data of the tests made in   th i s   imres t i -  
gation and also Fncludes t e s t  data from references 4 and 5. 

Except fo r  the tests on the porous-wire-cloth combustor described 
in reference 4, JP-4 fuel was burned t o  warm the equipment t o  test condi- 
tions before  the  trimethyl  borate  or  pentaborane  Fuels were turned on. 
The warming per iod  served to reduce  thermocouple radiation  error and pre- 
vent rapid accumulation of  deposits on cold conibuetor walls. When the 
simulated turbine-nozzle  section was used in  the single codmstor   tes ts  
the  exhaust plenum pressure was reduced so that the flow was always choked 
at  the nozzle. 

4 
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Calculations 
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Colnbustion efficiency qb was calculated from the  re la t ion 

'lb = 
enthalpy r ise   across   the combustor 

heat. of combustion of t he   fue l  

The enthalpy of the  stream  entering and leaving  the conibustor w a s  deter- 
mined from temperature and pressure measurements and the thermodynamic 
properties of t he  reactants and  combustion products  determined from the  
data  in  reference 7. It was assumed there was  no dissociation in the 
combustion products. 

Combustor-outlet temperature. - The average  combustor-outlet tempera- 
tu re  was calculated as the a;rithmetic mean of a l l  the thermocouples in 
section DD (figs. I and 4). 

Cornbustor pressure loss. - The total-pressure loss through the com- 
bustor wa6 calculated as the dimensionless r a t i o  of the measured total-  
pressure  drop AP (total-pressure  difference between stations A& and CC) 
t o   t he  dynamic pressure q. The dynam3.c pressure q was calculated from 
the combustor-inlet density, the air-flow rate, and the maximum cross- 
sectional  area of  the conibustor housing of 0 .M square feet. 

Temperature spread. - The temperature spread. AT was the  difference 
between the lowest and hi@;hest temperatures measured by t h e  individually 
wired thermocouples of  section MI (fQ. 4 ) .  

Mean temperature  deviation. - The mean temperature  deviation was the  
arithmetic mean of the  absolute  values of the difference between  each of 
the temperatures measured by the  individually wired thermocouples and the 
mean temperature a t   sec t ion  DD (fig. 4 ) .  

Radial-temperature  profile. - The data  for  plott ing  the radial- 
temperature  profile were found by averaging  thermocouples at the same 
radial depth i n  rakes 2, 4, and 6 of section ISD -(fig. 4) .  

Circumferential-temperature  profile. - The average of the   f ive  tem- 
peratures on each rake (2, 4, and 6) w e r e  used to  plot  the  circumferential- 
temperature  profile. 

3 
M 
m 

Deposition  rate. - The deposition  rate was  taken  as  the weight r a t i o  
of the  solids  deposited on the  combustor l i n e r   t o   t h e   t o t a l  boron  oxide 
formed by  complete  combustion of the fuel. 
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Z f e c t i v e  open area of turbine stator .  - The effect ive  area  ra t io  
AE of the stator-blade  section was defined 88 

- effective open area of  the blade section at any time 
AE - effective open area of the blade section before deposition 

Each of t he  areas were computed from the continuity  relation 

P 

where 

A mea 

wg the sum of the   ra tes  of afr and fuel flow minus the  solid combus- 
tion  products 

P s t a t i c  pressure at the blade section 

t s t a t i c  temperature at the blade section 

3 g acceleration due t o  gravity 

R , r  thermodynamic constants for the combustion  gases 
4 

Co&ustor  Evaluation with Trimethyl  Borate - 
Methanol  Azeotrope Fuel 

Because  of the limited supply of pentaborane, most of  the tests were 
conducted with trimethyl borate  fuel. 

V i s u a l  studies of deposits. - A window wa8 installed. in the  single- 
combustor test appmatus (fig. I} in order t o  observe how %he open mea 
of the  simulated  turbine-nozzle  blades became constricted when trimethyl 
borate  fuel was used. It could  be  seen that oxfde  reached  the  simul&ted 
blades i n  three   d i s t inc t  ways: 

(1) A few seconds after the  trimethyl  borate was started the  blade 
surface became wetted. with a very fine film of oxide that did not  increase 
i n  thickness. This is  the wetting from the  very small droplets formed in 

a the  flame zone which have  not  impinged on an  upstream  surface. 
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( 2 )  Soon after, drops  carried from the growing film on the l iner  
surfaces  appeared is the  gas  stream  in  increasing numbers. When these 
drops impinge on the  leading edge of a blade they  adhere at first,  are 
slowly  stretched  out  into a filament  by the stream  forces, and are  re- 
mved within a few seconds. 

.. 

? 

(3) The film on the  transit ion  section between combustor and s ta tor  
grows u n t i l  it begins t o  flow downstream. Its progress t o  the annular 
walls of the  blade section is slow and can be followed  visually. 

63 
3 

EFfect of operating  time and fiel-nozzle  design. - The t o t a l  deposit 
weights  and the  deposition  rates  aze showmin figure 7 fo r   t e s t s  of tri- 

m 
" 

methyl bora te   fue l   in  a standard  liner with t h G l e s   f o r  a temperature 
range fram 1425O t o  l 5 5 O o  F. All tests,  except run 19, were made with the 
six-port  air-atmizing  nozzle. A n  air-atomizing nozzle i s  not  necessary 
for  tr imethyl  borate  fuel  but it was  desired t o  achieve a f l a t  conkustor- 
outlet-temperature  profile so that the  combustor could  be used i n  a eub- 
sequent  full-scale  turbine performance investigation. In  addition, it 
was desired  to  keep the  trimethyl  borate fuel injection similar t o  tha t  
for  pentaborane fn order t o   l ea rn  whether the deposits  are s i m i l a r  fo r  
the two fuels. 

A curve i s  faired through the data obtained with the  air-atomizing 
nozzle. The total   deposit ion and rate of deposition w i t h  the 547 duplex 
nozzle were lower than  for  the  air-atomizing nozzle.  The smaller cone 
angle of t h e  spray of the  547 duplex  nozzle-  IsGelieved t o  have  reduced 
the  length of l iner  exposed t o  boron oxide deposits. Also, the  air- * 
atomizing  nozzle  provided faster fuel-air  mixing, and therefore  the flame 
zone occurred far ther  upstream. Combustion efffciency varied from 93 t o  
99 percent and was not  measurably  affected  by  the change of nozzles. 

F -  

- " 

The temperature  spread and the  me= temperature  deviation of the 
combustion gases at the  turbine-nozzle  inlet  for  the two f u e l  nozzles is 

nozzles is shown in   f igure .  9. Each radial temperature i s  t h e  mean of the 
three  temperatures measured by rakes '2, 4, and 6 (fig.  4).  The air- 
atomizing injector gave a lower temperature spread and lower temperature 
deviation  than the standad J47 f u e l  nozzle  but the radial-temperature 
prof i les   for  the two nozzles were about the same. 

" shown i n  figure 8. Typical  radial-temperature  profiles of the  two fue l  

Temperature dis t r ibut ion in a t e s t  of longer  duration w i t h  an a i r -  
atomizing  nozzle proaded faster fuel-air  @xi=, and therefore,  the 
flame zone occurred  farther upstream. Combustion efficiency varied f r s  
93 t o  99 percent and was not measurably affected by the change af nozzles. 
ture spread and mean temperature  deviation  continue to  increase throughout 
t h e  run, whereas the radial-temperature  profile (fig. 11) changes very 
l i t t l e  with time. The radial-temperature  profile with JP-4 Fuel ia  in- 
cluded t o  show its similari ty t o  the  trimethyl  borate profile. The 

. -  I 

* 
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growing maldistribution of temperature is  principally  circumferential 
(fig. 12 1 and it i s  apparent that an  engine  could  not  operate very long 
as  this  temperature  spread  increases. 

The couibustor-pressure loss w a s  about the same for each of the noz- 
zles and stayed approximately  constant at a  value of 10 for  the  duration 
of each of the t e s t s  with trimethyl borate fuel (table II). Unpublished 
t e s t s  on a  full-scale 547 engine  using t r imethyl  borate fuel and i n   t h e  
same conibustor-outlet-temperature range showed no variation of combustor 
pressure loss w i t h  t i m e .  

Effect of combustor-liner  modifications. - It appeared that  the 
thinibles  could  be praviding shelters which promoted the collectfon of 
oxides (fig. =(a) 1. In order   to  determine the influence of t h m l e s  on 
deposition,  tests were made on a liner  without thiTdbles (fig. l3[b]). In 
order t o  improve the  outlet-temperature  profile  tests w e r e  also conducted 
on a l iner  w i t h  nine  enlarged  holes (fig. 13(c)j .  The three liners are  
shown a f t e r  each one had run about 70 minutes with trimethyl  borate  at 
about 1550° F. The weight of deposits in the liner with enlarged holes 
(C) was not  recorded  ufth  the  test  results  because the f u e l  flow was 
unintentionally  interrupted  several  times  during  the  test. 

The deposition rate f o r  the Uner  without thimbles (B) and the deP- 
osit ion rate for the liner with thimbles (A) (fig.  7) i s  sham in figure 14. 
f i o m  these data and the photographs i n  figure 13, these User variations 
apparently have no important effect  on deposition  rate. 

In the  course of the ful l -scale  547 t e s t s  with trimethyl  borate fuel, 
a six-port a i r - a t m i z b g  fuel nozzle,  and a standard  Liner with thimbles, 
a turbine-wheel failure occurred that could  have  been  due t o  high  tempera- 
t u re   a t  the blade root.  The l ine r  with nine  enlarged  holes w a s  used. to 
lower the  temperatures  near the turbine  blade  root. This modification 
lowered the  root  temperature about 2000 (fig. 15). MttFng the  thiuibles 
or  enlarging  the holes increased the temperatwe  spread and the mean  tem- 
perature  deviation (fig. 16). Neither of the  modifications had any meas- 
urable effect  on the  conibustion efficiency. 

Effect of conibustor-outlet  temperature. - The ef fec t  of combustor 
gas temperature on deposition f o r  single co&ust& and Full-scale  engine 
investigations  are shown i n  figure 17. (The full-scale engine test con- 
dit ions were a flight a l t i tude  of 55,000 f ee t ,   f l i gh t  Mach number of 0.8, 
and 10Gpercent rated engine  speed.) The deposition-rate  curve  (fig. 7)  
for  tr imethyl  borate  fuel over a  temperature  range of 1425O to 15500 F is 
reproduced f o r  comparison. The deposition-rate  data fo r  co&ustion t e m -  
peratures from 1000° t o  1615' F show that there is no appreciable  increase 
in  deposit ion  unti l  the temperature drops below l277O F. At 1000° F the 
r a t e  i s  about twice that a t  1277O F. 
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The decrease i n  effective  turbine-nozzle  area by boron  oxide  deposits 
is shown in figure 18. The decrease .is much more rapid at 1320' F than at 
1550° F. Effective  turbine-nozzle-area  calculationsl  for  the  full-scale 
engine t e s t s  showed trends similar t o  these single-combustor tests; how- 
ever, the nozzle-area  reduction wa6 less i n  the  full-scale engine tests. 
The decrease In area  with  time i n  the  turbine  stator of a 547 engine 
fueled with trimethyl  borate is shown i n  figure 19  for combustor-outlet 
temperatures  of 1277O snd 1615' F. A t  the  higher  temperature  there was 
no measurable decrease i n  turbine-nozzle area; at the lower temperature 
there wa8 about 8 3-percent decrease in turbine-nozzle area i n  2 hours. EI) 

PI) 
2 

The effect  of mean combustor-outlet temperature on radial-temperature 
prof i le   for  JP-4 and trimethyl  borate  fuels i n  the liner with thimbles (A) 
is given in   f igure 20. The profiles  with Jp-4 f ie1  were determined to   see  
wbat the combustor behavior is with a nondepositing fuel. The Jp-4 pro- 
f i l e  curvature  increased with temperature. The trimethyl  borate  profiles 
were similar to  those  obtained with JP-4 f u e l  except tha t  at the highest 
temperature, 1725' F, the temperature became much higher a t   the   root   than 
at the   t i p .  The probable  cause fo r  the  prof i le   dis tor t ion became apparent 
when the  nozzle waa operaked with water i n  order t o  observe  the spray 
properties. The l iquid flaw rate of the trimethyl  borate at 1725O F 
was found to   be above the  capacity of the nozzle t o  produce a fine spray. 

Effect of  potassium  hydroxide as a h e 1  addft ive. - Potassium hy- 
droxide was used as a fuel  additive because it has  been e h m   t o  reduce 

I I  

the  viscosity of  boron  oxfde (refs. 8 and 9). Trimethyl  borate  fuel with 
0.5 and 1.5 percent  potassium  hydroxide gave unexpectedly  high  deposition M 

ra tes  (fig. 21).  The liner,   transit ion  section, and simulated  turbine- 
nozzle  section are i l lus t ra ted  in figure 22 when clean, after 5 hours of 
trimethyl  borate  fuel burning at 1550° E', and a f t e r  70 minuhes of burning 
trimethyl  borate fuel plus 1.5 percent  potassium  hydroxide at the same 
temperature;  each  f'uel test beginning with clean  apparatus. The pictures 
of liner and transit ion  section  clearly show the  increased bulk of depoeit 
when potassium  hydroxide is added to  tr imethyl  borate.  The data given i n  
figure 23 show that  the  decrease in s ta tor  area was accelerated when 
potassium  hydroxide was added to   the  fuel .  The pressure loss, temperature 
spread, and mean temperature  deviation a l l  increased much  more with the 
1.5 percent  potassium  hydroxide  additive  present ( f i g .  24). The radial- 
temperature profile fluctuated  erratically  with the fuel additive ( f i g .  
25) .  

When t h e  test w a s  begun with the fuel   addi t ive t h e  prof i le  w&8 simi- 
lar t o  that obtained with the  p e  fue l  (figs. 25 and ll). The change i n  
temperature  distribution was apparently due t o  disturbances  in the f l o w  
pattern  caused by deposits and w a s  not a result of a change i n  the com- 
bustion property of the fuel. Analysis of the deposited material showed 
t h a t  the potassium  hydroxide  concentration was much higher than would re- L 

sult from a homgeneaus mixture of the combustion products. The deposits 
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were soft and crunibly instead of hazd and glossy  as when trimethyl  borate 
without an additive is burned. It ~ppea; r~   then   tha t  potassium  hydroxide 
deposits  separately. The reduction  in  the  viscosity of boron  oxide in- 
dicated by the  data of references  8 a d  9 was possibly  not  realized  because 
the potassium  hydroxide did not have time t o  go i n t o  solution  with  the bo- 
ron oxide before the condensed materials impinged on the  liner walls. 

Codustor  Cleaaout by Burning JP-4 Fuel 

A test was made t o  determine  whether the  deposi ts   in  the l iner  and 
on other  surfaces  could  be removed-or  reduced by changing t o  m-4 f u e l  
after a quantity of boron  oxide had been deposited.  Trimethyl borate and 
JP-4 fuels  w e r e  burned i n  a standard combustor in the  order and f o r  the  
time  periods and temperatures shown in   f igure  26. The temperature  spread, 
mean temperature  deviation, and pressure drop increased aa trimethyl 
borate was burned in an initially  clean,  preheated combustor at 1506' 3' 
outlet  temperature. Then JP-4 fuel was substi tuted  for  the  tr imethyl 
borate fuel without  interrupting  the  burning or changing the  temperature. 
One hour a f te r   the  JP-4 f u e l  was Started there was no appreciable change 
i n  temperature  distribution or pressure  drop.  Trimethyl  borate and JP-4 
fuels were then successively burned a t  somewhat higher  temperatures  with 
no further change i n  temperature  distribution o r  pressure drop. The 
appearance of the oxfde  deposits at temporary shutdown after 200 minutes 
of running and again at the f fnal  shutdown at 320 minutes fs shown in 
figure 27. 

Gonibustor Evaluation with Pentaborane  Fuel 

Deposition rate. - The curve of the  deposit ion  rate of  pentaborane 
is compared with the  curve f o r  trimethyl  borate  deposition (fig. 7) i n  
f igure 28. All the data in figure 28 w e r e  taken at the same nominal cow 
bustor conditions. Runs 23 and 24 were made with the liner with nine en- 
larged  holes (C)  and the   s ix-por ted   a i r -a tdz ing   nozz le  (111). The t e s t  
from reference 5 was made w i t h  a  66.8-percent  blend of pentaborane i n  
JF-4 f u e l   i n  a 547 liner with thimbles (A) and with the  single-port noz- 
z le  (IV). The data from reference 4 w e r e  taken under the same conditions 
as reference 5 except that  pure pentaborane f u e l  and a porous-wire-cloth 
l iner  (liner D) w e r e  used. 

The data of f igure 28 show that   the   deposi t ion  ra te  with pentaborane 
is lower than  with  trhethyl  borate for the configuration and conditions 
covered. A possible  explanat  ion  for this phenomenon is suggested as 
follows : 

Since  a  higher  boron  oxide  concentration  results from burning penta- 
borane f u e l  as compmed with  burning  trimethyl  borate  fuel at the same 
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combustor temperature, the mean drop s i ze  of the condensed oxide will be 

larger. In the  size  range of P ~ O - ~  centimeters, motion of the  particles 
t o  the  duct walls results  principally from molecular  collisions. The 
frequency of col l is ion will vary direct ly  as the  particles'  projected  area 
or the particles'  diameter squazed, and the  velocity due to   co l l i s ion  w i l l  
vary inversely aa the  ma813 or  the  diameter cubed. The net  effect is, as 
stated i n  Ffck's l a w  (ref. 101, tha t  deposition, as herein  defined, is 
inversely  proportional  to  the  particle  diameter. 

Comparison of the pentaborane data in   t he  various combustor configu- 
K) 
rl m 
K) rations shows that deposition is decreased by decreasing  the cone angle 

of t he  fuel  atamizer.  Afr filmin@; the liner surfaces by the  use of 
porous wire cloth further reduced the deposition. 

Combustion efficiencx. - The combustion efficiency,  determined from 
the  enthalpy  rise  across the combustor was about the same for  trimethyl 
borate and pentaborane  fuels ( f i g .  29). Also, t h e  efficiency did not 
charge  appreciably with time. In the pentaborane t e s t  of run 24, effi- 
ciency  appears t o  increase from 96 t o  about 98 percent i n  the 20-minute- 
test  period; however, it is believed that this i s  not a significant  trend 
but only data Bcatter. 

Temgerature distribution. - The mean deviation and temperature  spread 
obtained with pentaborane i n  the  l iner  with nine enlarged  holes (C> i a  
shown i n  figure 30. The data scattered  too much and the test   period was 
too  short  to  establish a trend. According t o  the  trimethyl  borate  data, 
it is expected that  with long-period  operation the temperature spread and 
deviation w i l l  increase. 

The radial-temperature  profiles of several  pentaborane tests, a 
trimethyl  borate  test, and a JP-4 test are shown i n  figure 31. The 
trimethyl  borate  profile  curve from figure ll (run ll), taken 5 minutes 
after the start of the test, is reproduced for.  compaxison; t h i s  test was 
made a t  1550° F with a thimbled l iner  (A) and the  six-port  air-atmizing 
nozzle (I). The prof i le  from run 1 d s  taken  when-pure  pentaborane was 
being  burned i n  the same l i ne r  as run 11; however, 'the six-port air- 
atmizing nozzle (111) was used. With pentaborane the temperature wa8 
about 200° F higher a t  the  root than at  the t i p ;  w i t h  trimethyl  borate, 
the root and t i p  temperatures were nearly the 6amet. R u n  24 w a s  made with 
pentaborane in the   l iner  that had nine  holes  .enlarged (C)  t o  lower the  
root temperature. This modification was much less   e f fec t ive   in  lowering 
the  root  temperature with pentaborane  than with JP-4 fuel  (run 24,  f ig .  
31) or   t rhe thyl   bora te   fue l  (run 20, f i g .  15). 

. .  

The difference i n  the-susceptibil i ty of the two temperature  profilee 
t o  liner modification is probably due in  part to  the  difference  in   the 
f'uel  nozzles. The fue l . in jec tor - i s   loca ted  on the  liner  centerline 
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which projects  through  the lower or  root portion of the  turbine ElllzllLLuB 
(fig. I). Pentaborane  burns  close to the in jec tor   v i th  much less f u e l  
spreading  than lees react ive  fuels  like 3P-4 and trimethyl  borate. The 
s h i f t  from high t o  low root  temperature w i t h  change in fuel I s  probably 
due to the  change in flar pattern caused by the  location and s i ze  of the 
flame zone. The temperature-profile  curve from t he  data of reference 5 
shows t ha t  a flatter radial-temperature  profile results when the  single- 
port  fuel  nozzle (IV) is used in a 547 thinibled  co&ustor  then when the 

LFI same nozzle is wed i n  a porous-wire-cloth l i n e r  (ref. 4) .  co 

The follaring resu l t s  w e r e  obtained from experimental  investQation 
of deposition of boron-containing fuels: 

1. Oxide deposLts are formed on turbine-nozzle  blades by (a>  the 
small drops of oxide farmed in t h e  flame zone that wet the blade surf aces 
with a very  thin film; (b)  the  large drops of oxide that are   carr ied from 
the  film on the  liner walls by the  a i r  stream and iqpinge on the blade 
surfaces; and ( c )  the film on the t ransi t ion  sect ion between conibustor 
and s t a to r  that grows u n t i l  it flm onto the annular walls of the 
turbine-nozzle blades. 

4 2. An air-atomizing  nozzle  provided  a lower outlet-temperature spread 
with trimethyl borate Fuel, but a somewhat higher liner deposition rate, 
than the  standard J47 duplex nozzle. 

3. The oxide  deposits on the liner &nd s t a to r  surfaces accurmzlated 
at a decreasing  rate during 5 hours of burning trimethyl  borate fuel in 
a standaxd J47 liner with thinibles. 

4. Mtting the thinibles f r o m  a standard 547 l iner ,  o r  &ag ing  nine 
holes i n  the root  portion of the thinbled liner, made little change i n  the 
deposit ion  rate for trimethyl  borate  fuel, but did modif'y the temperature 
distribution. 

5. Deposition rate changed very little as combustor-&let  tempera- 
t u r e  was decreased from 1600' t o  about BOOo F. Below lZOOo F the  rate 
increased  rapidly. The deposits decreased the effective  turbine-nozzle 
area faster as t he  teqperature w a s  decreased. 

6. The influence of' fuel additives was investigated by adding 0.5 
and 1.5 percent  potassium  hydroxide to trimethyl  borate fuel. The po- 
tassium hydroxide added di rec t ly  t o  boron  oxide reduced the viscosity of 
boron  oxide and, therefore, would be  expected t o  reduce  the  tendency of 

fuel  increased combustor deposits. 
s t he  oxide t o   s t i c k  t o  surfaces. However, t he  use of this additive in the  
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7. The burning of JP-4 fuel t o  remove boron  oxide  deposits from com- 
bustor liner walls at temperatures up t o  1725O F was ineffective. 

8 .  The r a t i o  of the weight of deposits on the liner t o  the t o t a l  
weight of boron oxide formed i n  the combustor was lower f o r  pentaborane 
than f o r  trimethyl borate  azeotrope. 

9. The combustion efficiency was about the same for  trimethyl  borate 
and pentaborane fuels. 

10. Pentaborane  gave a temperature prof i le  with a higher  root tem- 
perature than 3P-4 or trimethyl  borate  fuels. 

Lewis Flight  Propulsion  Laboratory 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

National  Advisory Committee for Aeronautics 
Cleveland, Ohio,  Decelnber  9, 1955 
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Pentaborane  Trimethyl borate - 
methanol azeotrope I 

Lower heat of ccxnbustion, 
B tu / lb  I 8052 

Hydrogen-cwbon r a t i o  

Pounds of boron oxide per 
pound of fuel 1 ---- 1 2.76 1 0.23 

&Average of the batchee used i n  th is  investigation. 
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Figure 2. - Standard J 47 liner w i t h  thimbles. (Liner A) 
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Figure 4. - Instrumentation  sections. 
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Figure 8.  - Temgerature spread and mean temperature 
deviation. mer  A j  fuel, trfmeth 1 borate j 
combuetor-outlet  temperature, E50' F . 
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Figure 9 - Radial-temperature profile. Liner A; fuel,  trimethyl 
borate; combustor-outlet temperature, E O o  E'; running ti=, 
30 minutes. 
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Figure 12. - Circumferential-temperature profile . 
Liner A; fuel nozzle I; fuel, trimethyl borate ; 
combustor-outlet  temperature, 1SO0 Fj run 11. 
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Figure 14. - CoqariBon of depoeltion rate for liners A and B. Fuel nozzle I; 
fuel, trimethyl borate; combuator-outlet tmperature, E5Oo F. 

300 



36 NCICA RM E55L07 

0 11 A (with  thiniblee) 

1600 

1400 

8 
g I200 m 

% 1 1600 
4J 
0 

2 
3 

1400 

1600 

1400 
Root .34 1-06 2.50 3 -22 Tip 

Distance f’rom stator root, in .  

Figure 15. - Radial-temerature  profile. Fue l  nozzle I; fuel,  
trimethyl borate; coaibustor-outlet temperature, 1550° F; 
running time, 5 minutes. 
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Figure 17. - Depoaition rate for 8 range of cornburrtor-outlet temgeratuee 
with trimethyl borate fuel. 
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Figure 21. - Deposition rate of trimethyl borate fuel with potasssium hydroxide additive. 
Liner A, fuel nozzle I. 
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(b) L i n e r ,  after 5 home o eration. Fuel, trimethyl borate; combustor- 
outlet  temperature, 1550 F. 8 

Figure 22. - Continued. Result of potassium hydroxide additive on deposition in  combustor 
liner, transit ion  section, and simulated turbine-nozzle  section. 
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Figure 24. - combustor pressure drop, terqperature  spread, end mean tempera- 
ture deviation for trimathyl borate fue l  with and vithout potassium 
hydroxide adilitive . 
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Figure 25. - Variation with time of radial-temperature 
profile  of  trimethyl  borate  fuel plue 1.5 percent 
potaesium  hydroxide additive. Run 12. 
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Figure 21. - Line r  deposita. Run 27. 
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Figure 28. - Comparison of deposition rates  obtained vith pentaborane fuel and trimethyl 
borate fuel. 
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Figure 29. - Cc&nmtion efficiency of trimethyl bomte and pentaborme in a 547 
combustor. 
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IV; fuel, pentaborana - JP-4 blend. fuel, Jp-4. 

Flgure 31.' - Combustor-outlet rndlal-CemperaEure proriles obtained'with several fuels. 
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